Abstract Brain lipid metabolism was studied in rats following permanent bilateral common carotid artery ligation (BCCL), a model for chronic cerebral hypoperfusion. Unesterified (free) fatty acids (uFA) and acyl-CoA concentrations were measured 6 h, 24 h, and 7 days after BCCL or sham surgery, in high energy-microwaved brain. In BCCL compared to sham rats, cytosolic phospholipase A 2 (cPLA 2 ) immunoreactivity in piriform cortex, and concentrations of total uFA and arachidonoyl-CoA, an intermediate for arachidonic acid reincorporation into phospholipids, were increased only at 6 h. At 24 h, immunoreactivity for secretory phospholipase A 2 (sPLA 2 ), which may regulate blood flow, was increased near cortical and hippocampal blood vessels. BCCL did not affect levels of brain IB 4 ? microglia, glial fibrillary acidic protein (GFAP)? astrocytes, cyclooxygenase-2 (COX-2) immunoreactivity at any time, but increased cPLA 2 immunoreactivity in one region at 6 h. Thus, BCCL affected brain lipid metabolism transiently, likely because of compensatory sPLA 2 -mediated vasodilation, without producing evidence of neuroinflammation.
Introduction
The brain has a high demand for oxidation of glucose for the synthesis of adenosine triphosphate (ATP), and neuropathological changes occur when oxygen delivery is chronically impaired [1] [2] [3] . Reduction of cerebral blood flow (CBF) limits oxygen delivery and causes cerebral ischemia. Chronic CBF reduction is a major cause of vascular dementia [4] [5] [6] , which accounts for 20% of agerelated dementias [4] . Low CBF also is an aggravating factor for Alzheimer disease [7] , and for dementia associated with sleep apnea [8] . In Alzheimer disease and vascular dementia, the severity and persistence of cerebral hypoperfusion correlate with the severity of cognitive impairment [9] [10] [11] .
Complete interference with the carotid or vertebro-basilar circulation in rodents has identified vulnerability of specific brain regions, including the hippocampus and frontal cortex [12, 13] . While brain damage following acute CBF reduction is well established, less is known about effects of chronic CBF insufficiency. Permanent occlusion of both common carotid arteries in the rat (bilateral common carotid artery ligation (BCCL)) has been used as an experimental model for chronic cerebral hypoperfusion [14] . After BCCL, CBF immediately declines to 30-60% of its control value, but recovers to approximately *63 and *90% of control at four and eight weeks, respectively [15, 16] .
BCCL in the rat produced neuronal loss in the hippocampus and cerebral cortex [17] [18] [19] [20] , and altered brain carbohydrate metabolism, high-energy phosphates, neurotransmitters and behavior [21] [22] [23] [24] [25] [26] . These effects may result from decreased synthesis of ATP following reduced oxygen delivery to the brain [18, 27] . About 25% of brain ATP consumption is accounted for by lipid metabolism [28] . Disruption of brain lipid metabolism can have far reaching consequences.
In gerbils, which lack posterior communicating arteries between the carotid and vertebro-basilar circulations, BCCL produces complete forebrain ischemia, resulting in massive release of unesterified fatty acids (uFAs) within 5 min and increased arachidonyl-CoA concentration [29] [30] [31] . BCCL in rats may not produce as severe changes, however, since the rat has posterior communicating arteries.
One early study reported increased brain concentrations of palmitic, stearic, oleic, arachidonic and docosahexaenoic acids after decapitation at 6 h after BCCL [32] . However, decapitation itself markedly distorts brain lipid concentrations through activation of lipases that release fatty acids from phospholipids, but high energy microwaving can reduce this distortion [31, 33] . Because of the relevance of chronic partially reduced CBF to human brain disease (see above), in this paper we thought it important to measure concentrations, in high-energy microwaved brain of the rat, of long-chain uFAs and acyl-CoAs, intermediates for reincorporation of released uFAs into phospholipids [34, 35] , at different times following BCCL, or after sham operation. Since phospholipases A 2 (PLA 2 ) and cyclooxygenase (COX)-2 are involved in the metabolism of arachidonic acid (ARA) and docosahexaenoic acid [36] [37] [38] , which are released during ischemia [39] , we also used immunochemistry to examine regional brain COX-2 and PLA 2 expression.
Methods

Chemicals
HPLC grade isopropanol was purchased from EM Science (Gibbstown, NJ, USA). Ammonium sulfate and acetic acid glacial were purchased from Mallinckrodt (Paris, KY, USA). Reagent grade methanol was from Mallinckrodt (Phillipsburg, NJ, USA). HPLC grade acetonitrile was obtained from Fisher Scientific (Fairlawn, NJ, USA). Potassium monobasic phosphate and acyl-CoA standards were from Sigma-Aldrich (St. Louis, MO, USA). Sodium pentobarbital was purchased from Richmond Veterinary Supply Co. (Richmond, VA, USA).
Animals
Male Wistar-Kyoto rats, aged 2-3 months and weighing 180-281 g (Charles River Laboratories, Wilmington, MA, USA), were maintained on a 12-h/12-h light/dark cycle in a temperature-and humidity-controlled facility with food and water available ad libitum. Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p) and both common carotid arteries were exposed through a ventral cervical U shaped incision. The arteries were separated from their sheaths and vagal nerves, and permanently ligated with 4-0 silk sutures. Sham operated animals underwent the same surgical procedure but without the actual ligation. All procedures were conducted under a protocol (#05-023) approved by the NICHD Animal Care and Use Committee in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication 86-23).
To examine the time course of responses to BCCL, brains were collected at 6 h, 24 h and 7 days after BCCL or sham surgery. Rats (n = 6-10 per group at each time point) were anesthetized with sodium pentobarbital and immediately killed by focused high energy beam irradiation to the brain (5.4 kW, 3.8 s, Cober Electronics, Stamford, CT, USA) [31] . The brain was excised and regions posterior to the posterior communicating arteries were discarded. The forebrain was bisected in the midsagittal plane and stored at -80°C. One hemisphere was used for uFA analysis and the contralateral hemisphere for long chain acyl-CoA analysis. For histology, rats (n = 3-5 for each group at each time point) were deeply anesthetized with pentobarbital (50 mg/kg body wt), and transcardially perfused with 100 ml cold saline followed by 4% paraformaldehyde in phosphate buffered saline (PBS).
Brain lipid Extraction and Chromatography
Total lipids were extracted by the method of Folch [40] . The extracts were separated by thin layer chromatography on silica gel 60 plates (Whatman, Clifton, NJ, USA). uFAs were separated using a mixture of heptane (Fisher Scientific, Fair Lawn, NJ, USA): diethyl ether : glacial acetic acid (60:40:2 by volume) [41] . uFAs and standard bands were visualized with 6-p-toluidine-2-naphthalenesulfonic acid (Acros, Fairlawn, NJ USA) under ultraviolet light. uFA bands were scraped and heptadecanoic acid (17:0) was added as an internal standard prior to extraction and methylation. Fatty acid methyl esters were prepared by heating the removed bands in 1% H 2 SO 4 in methanol at 70°C for 3 h [42] . The methyl esters were separated on a 30 m 9 0.25 mm i.d. capillary column (SP-2330, Supelco; Bellefonte, PA, USA) using gas chromatography with a flame ionization detector (Model 6890 N, Agilent Technologies; Palo Alto, CA, USA). Runs were initiated at 80°C with a temperature gradient to 160°C (10°C/min) and 230°C (3°C/min) in 31 min and held at 230°C for 10 min. Peaks were identified by retention times of fatty acid methyl ester standards (Nu-Chek-Prep, Elysian, MN, USA). Fatty acid concentrations (nmol/g brain) were calculated by proportional comparison of gas chromatography peak areas to that of the 17:0 internal standards.
Analysis of Acyl-CoA
Samples (0.3-0.4 g) plus 25 ll of 17:0-and 14:0-CoA as internal standards were placed on ice in a scintillation vial or a 15-ml conical vial prior to sonication. Then 25 mM KH 2 PO 4 (2 ml) was added and sonicated for one min (output control 3 units). Isopropanol (2 ml) was added to the vial and the homogenate was sonicated again for 20 s. Saturated ammonium sulphate (0.25 ml) was added and the sample was lightly shaken by hand. Acetonitrile (4 ml) was added and the sample was vortexed for 2 min prior to centrifugation. The upper phase was separated and 12 ml of 25 mM potassium phosphate was added. Each sample was run through an activated oligonucleotide purification cartridge (Applied Biosystems, Foster City, CA USA), washed with 1 ml of 25 mM (KH 2 PO 4 ), and eluted with 200 ll isopropanol: 30 mM glacial acetic acid (75:25 by volume). The first 3 drops were discharged and the remaining 150 ll were collected in an auto sampler vial. Acyl-CoA species were separated using HPLC (Beckman-Coulter, Fullerton, CA, USA) with a Symmetry C-18, 5-lm column (250 9 4.6 mm; Waters-Millipore, Mildford, MA, USA) and UV absorbance was measured at 260 and 280 nm with a System Gold, 168 dual wavelength detector. Conditions were set to a 1 ml/min gradient system composed of (A) 75 mM KH 2 PO 4 and (B) 100% acetonitrile. The gradient started with 44% B, then increased to 49% B over 25 min, and then to 68% B over 10 min. It remained at 68% B for an additional 5 min, then returned to 44% over 2 min and held for 8 min. Concentrations of acyl-CoA species (nmol/g wet weight) were identified according to the retention times of authentic standards and were measured using peak area analysis (32 Karat, version 5.0, Beckman Coulter) from HPLC chromatograms.
Histology
Following cardiac perfusion, brains were excised then post-fixed in situ for 6 h, bisected in the mid-sagittal plane, rinsed with PBS, dehydrated in ethanol, and embedded in paraffin. Serial 8-lm sections of the entire sagittal plane containing the hippocampus were collected, and sections for each animal were randomly selected representing multiple planes of cut. Deparaffinized, rehydrated sections were treated to quench endogenous peroxidase and subjected to heat-induced epitope retrieval using a decloaking chamber (Biocare Medical, Walnut Creek, CA, USA). Microglia were detected by binding of Griffonia simplicifolia isolectin B 4 (IB 4 ; Sigma) at a 1:75 dilution in 19 Automation Buffer (AB; Biomedia Corp, Foster City, CA, USA) containing 0.1 M CaCl 2 , MgCl 2 , MnCl 2 , and 0.1% Triton X-100, overnight at 4°C. For immunohistochemistry, sections were blocked with avidin-biotin followed by 10% normal goat serum/1% BSA/ 1X AB. Astrocytes were identified with a rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; 1:1000 for 30 min; Dako, Carpinteria, CA, USA) antibody, detected with an HRP labeled streptavidin-biotin kit. Sections were incubated with anti-secretory sPLA 2 or anti-cytosolic cPLA 2 (1:100; overnight at 4°C; Santa Cruz) or anti-COX-2 polyclonal antibodies (1:1500; 1 h RT; Cayman Chemicals, Ann Arbor, MI, USA) detected by avidin biotin technique. Antigen retrieval was not used for anti-cPLA 2 . Reaction products were visualized by 3,3 0 -diaminobenzidine (DAB) substrate. Sections were counterstained with modified Harris hematoxylin. Digital images of the entire brain section were acquired with a Leica DMRBE microscope (Wetzlar, Germany) or an Aperio Scanscope T2 Scanner (Aperio Technologies, Vista, CA USA) and viewed using Aperio Imagescope v. 6.25.0.1117.
Statistics
Data are presented as mean ± standard deviation. Statistical significance was determined by a Student's t test at each individual time point, with significance set at p \ 0.05 as indicated by *, BCCL versus sham.
Results
Unesterified Fatty Acids (uFAs) Table 1 presents concentrations of brain uFAs at different times following BCCL or sham operation. At 6 h, there was a statistically significant increase in the concentration of docosahexaenoic acid and of total uFAs compared to sham control (p \ 0.05). At 24 h and 7 days, there was no significant difference in the concentration of total or any individual uFA between groups.
Acyl-CoAs
As illustrated in Table 2 , the brain concentration of arachidonoyl-CoA at 6 h after BCCL was increased twofold, compared to its concentration in the sham rats. There was no group difference in any acyl-CoA concentration at 24 h or 7 days after BCCL.
Immunochemistry
A general histopathological evaluation of brain sections indicated no overt cell death in any region within the sagittal plane of cut as a result of BCCL. When scanning the entire plane of cut, specific staining by each antibody was detected in some brain regions. Immunoreactive product for COX-2 was detected in neurons within the somatosensory cortex (Fig. 1a, b) , the piriform cortex (Fig. 1c, d) , and CA3 pyramidal neurons of the hippocampus (Fig. 1e, f) . Staining was similar in the BCCL rats and sham controls across all time points. At 6 h, the general staining pattern involving cPLA 2 within the cortex was similar across the BCCL rats and sham controls (Fig. 2) . In both groups, cPLA 2 was detected in cell bodies and in processes of cerebellar Purkinje neurons, dentate granule cells, and cortical neurons. When matched for location and plane of cut, immunoreactive processes in the piriform cortex at 6 h after ligation displayed a more distinct staining pattern, suggesting upregulation, in BCCL compared with sham rats (Fig. 2c, d ). This appeared to be a transient change, as no difference in staining pattern was seen at the 24-h or 7-day time points (data not shown).
In sham controls, sPLA 2 was not detected and only rarely was a positive area detected in sections from the BCCL rats. This occurred only at the 24 h time point, within cells displaying a glia-type morphology suggestive of astrocytes, in close proximity to blood vessels in the cortex (data not shown). Also affected were the area between the dentate gyrus and the stratum lucidem (Fig. 3a) , and the lacunosum molecular layer of the hippocampus (Fig. 3b) . No immunopositive staining for sPLA 2 was evident in the brain parenchyma at the 7-day time point.
The morphology and distribution of IB 4 ? microglia and GFAP? astrocytes in the hippocampus and cortex were similar between BCCL rats and sham controls. The overall staining for GFAP? astrocytes in the hippocampus did not differ between BCCL and sham controls at any time point examined. IB 4 staining for microglia indicated no significant difference between BCCL and sham controls over time (data not shown).
Discussion
In the current study, an early indication of cerebral hypoperfusion was seen at 6 h after BCCL, as a statistically significant increase in the brain concentrations of total uFA, docosahexaenoic acid and arachidonoyl-CoA, the intermediate for reincorporation of unesterified ARA into brain phospholipids [29, 30, 34, 43] . cPLA 2 immunoreactivity appeared elevated in neuronal processes of the piriform cortex. These changes were absent at later times. At 24 h however, immunochemistry showed that sPLA 2 clearly was overexpressed close to blood vessels in the BCCL rats. The transient responses suggest that the uFAs released during BCCL were cleared within 24 h [29, 44] .
Our mean sham-surgery uFA concentrations were comparable to reported values in microwaved rat brain [30, 31] , but they had larger variances than reported, as did concentrations following BCCL (Table 1) . Possible causes Sham (n = 6) 36.7 ± 21.4 46.9 ± 10.6 22.5 ± 11.2 9.8 ± 8.4 8.0 ± 2.6 9.2 ± 3.6 133.2 ± 41.6
Data represent the mean ± SD, * p \ 0.05 significantly different from sham by Student's t test for their increased variance are incomplete microwaving or modification by the sham operation itself, since our analytical methods were the same as in the prior publications. The high variance limits information gathered from the uFA data, but might be overcome in future studies by using more animals [30, 31] . Our sham acyl-CoA concentrations also were comparable to published values in microwaved brain [30, 31] . The net acyl-CoA concentration was not changed significantly by BCCL, which also was found following complete ischemia [30, 31] . This constancy may be due to binding of intracellular acyl-CoA to acyl-CoA binding proteins or acyl-CoA synthetases, whose availability was not changed by BCCL [45, 46] . As at 6 h after BCCL (Table 2) , arachidonoyl-CoA was the only acyl-CoA elevated by complete ischemia or decapitation in other studies using microwaved brain [30, 31] . This elevation likely mediates increased energy-dependent reincorporation of unesterified ARA into phospholipid [29] .
The increased total brain uFA concentration at 6 h after BCCL is consistent with reported elevated concentrations at 2, 4 and 6 h after BCCL, when the brain was removed after decapitation without prior microwaving [32] . However, the magnitude of the increase in our study at 6 h (1.55 fold) is much lower than in that study (11.3 fold) [32] , likely because we used focused beam high energy microwaving of the brain before removing it, to denature fatty acid releasing enzymes [31, 33] . In gerbils, which lack posterior communicating arteries, increased brain concentrations of palmitic, stearic, oleic, linoleic, ARA and docosahexaenoic acids were reported at 5 min after BCCL, when the brain was subjected to high energy microwaving [30] . The total uFA concentration was increased by 4.4 fold at 5 min, much higher than the 1.55 fold increase in rats at 6 h after BCCL. The lack of posterior communication arteries results in complete forebrain ischemia in gerbils following BCCL [30] .
This study revealed a significant increase in arachidonoyl-CoA, but no significant change in other acyl-CoA species at 6 h after BCCL, and no change in any acyl-CoA including arachidonoyl-CoA at 24 h ( Table 2) . These results suggest upregulated ARA reincorporation into brain at 6 h after BCCL. In complete ischemia in the gerbil, a high brain arachidonoyl-CoA concentration was associated with a higher ARA concentration. A high concentration of unesterified ARA can be neurotoxic, by interfering with cell signaling, gene transcription, mitochondrial oxidative phosphorylation, cell growth and excitability, and inducing apoptosis [47] [48] [49] .
The transient nature of the brain response to BCCL was evidenced by the focal expression of sPLA 2 in close proximity to blood vessels at 24 h but not later, and evidence for increased cPLA 2 immunoreactivity. The perivascular location of sPLA 2 suggests a role in vasodilatation in the initial stages of BCCL, associated with formation of the potent ARA-derived vasodilator, prostaglandin E 2 (PGE 2 ) [50] . The transient nature of the response suggests that selective changes were induced on cerebral microvessels, which were not maintained over time. While there was no observed morphological response in microglia in the initial 24 h after BCCL, activated microglia as well as other pathological changes in gray and white matter have been noted 13 weeks after BCCL in rats [14, 51] .
COX-2 is constitutively expressed in the brain in discrete neuronal populations. In the current study, COX-2 expression in neurons was not obviously different between BCCL and sham rats after 24 h (Fig. 2) . With complete ischemia [50] , lipopolysaccharide-induced neuroinflammation [52, 53] , COX-2 was rapidly upregulated and promoted formation of pro-inflammatory eicosanoids like PGE 2 [54] [55] [56] .
Acute BCCL in rats leads to a transient cerebral hypoxia, which increases intracellular calcium [57] to activate ARA-selective cPLA 2 and release ARA and increase ARA recyclingin phospholipid [58] . Activation of sPLA 2 by calcium [59] also may release ARA and ultimately to produce PGE 2 [50] to mediate compensatory vasodilatation. Nitric oxide, free radicals and neurogenic factors during ischemia also can produce vasodilatation [60, 61] . CBF recovers to *63 and *90% of its control value at 4 and 8 weeks after BCCL [14] [15] [16] . It is likely that some recovery occurred in the present study even at 24 h, associated with the sPLA 2 activation (Fig. 3) , helping to normalize the significant disturbances in uFA and ARACoA concentrations evident at 6 h (Tables 1 and 2 ). However, autoregulation remains abnormal and the brain is more vulnerable to additional insults such as hypotension, hypoxia and further ischemia following BCCL [62] .
In conclusion, BCCL in rats caused statistically significant increases in the net brain uFA concentration and arachidonoyl-CoA concentration at 6 h, and immunohistochemical evidence of increased cPLA 2 expression in neuronal processes of the piriform cortex at 6 h and of sPLA 2 expression surrounding blood vessels at 24 h, suggesting vasodilation. These results demonstrate the transient nature of the brain metabolic response, likely because of the intervention of compensatory vasodilation over time. The absence of increased immunoreactivity for COX-2, IB 4 ? microglia or GFAP? astrocytes in the hippocampus and cortex in BCCL compared with sham control rats indicates that BCCL did not initiate significant neuroinflammation. Thus, BCCL exerts a low-threshold reversible ischemic brain insult, which transiently increases brain ARA metabolism and enzymes, but may increase vulnerability to further stress.
